Four-, six-, and eight-quasiparticle isomers with K π = 14 − , (21 + ) and (26 − ) have been identified in the deformed nucleus 174 Lu, in addition to the previously reported K π = 13 + , four-quasiparticle isomeric state.
I. INTRODUCTION
Spectroscopic studies of deformed, axially-symmetric nuclei provide valuable information on properties of high-K isomers that are frequently observed in deformed rare-earth nuclei near A ∼ 180 [1] . Most of the earlier studies in this region have focused on neutron-deficient nuclei, since these are accessible by heavy-ion induced fusion-evaporation reactions. More recently, deep-inelastic and multinucleon transfer reactions, in conjunction with time correlated γ -ray coincidence techniques and large γ -ray detector arrays, have been shown to be a powerful, although nonselective, tool to access neutron-rich nuclei, as well as to study nuclei near the valley of stability, where most of the long-lived isomers occur [2] [3] [4] [5] [6] [7] [8] [9] [10] .
Gamma-ray spectroscopy measurements of the deformed nucleus 174 Lu have been carried out previously using the 170 Er( 7 Li,3n) [11] and 176 Yb(p,3n) [12] [13] [14] [15] [16] reactions, where many two-quasiparticle structures, up to spins of ∼15h, were populated. However, the proximity of 174 Lu to the stability line limits the possibilities of populating this nucleus to high spin with conventional reactions. In our studies using deep inelastic and multinucleon transfer reactions, much higher spins are accessible, as will be shown here. A report of our identification of a four-quasiparticle, K π = 13 + isomer in 174 Lu with anomalous decays was presented recently [9] . Here we give more complete results, focusing on the discovery of four-, six-, and eight-quasiparticle isomers with K π = 14 − , (21 + ) and (26 − ), respectively, all located above the K π = 13 + isomeric state.
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II. EXPERIMENTAL DETAILS AND RESULTS

A. Experiments
The results presented here were obtained in measurements with a 136 Xe beam from the ATLAS accelerator at Argonne National Laboratory incident on two, ∼6 mg/cm 2 -thick, Lu targets, one of natural lutetium (97.4%
175 Lu, 2.6% 176 Lu) and the second enriched to 47% in 176 Lu. Both targets were backed by 25 mg/cm 2 of Au. The beam was pulsed approximately 1 ns on/820 ns off at energies ∼20% above the Coulomb barrier, which allowed transfers of nucleons between the target and projectile. This resulted in population of nuclei near the valley of stability, or on the neutron-rich side, that were not accessible previously. The reaction products were stopped at the target position in the focus of the Gammasphere spectrometer [17] , comprised for this experiment of 96 Compton-suppressed Ge detectors. A total of approximately 3 × 10 9 events, with fold 3, was collected. The data were sorted off line into numerous γ -γ and γ -γ -γ histograms produced with different relative and absolute time (with respect to the beam pulse) and energy gating conditions, as described in Refs. [5] [6] [7] [8] [9] .
B. 174 Lu level scheme
A level scheme of 174 Lu from the present study, showing the decay paths of the newly identified isomers, is presented in Fig. 1 .
Details about the properties of the strongly populated K π = 13 + isomer at 1856 keV were discussed earlier [9] . Several representative γ -ray coincidence spectra showing γ rays above this isomer are given in Fig. 2 . Various relative and absolute time conditions were imposed to select specific structures.
For example, Fig. 2(a) is the spectrum of γ rays that precede the decay of the 13 + isomer and also fall within the in-beam time region. These will either be from states that are prompt or originate from short isomers, hence the presence of the intense 206.8-keV line from the 2063-keV, 38 ns isomer that directly feeds the 13 + state. The next most intense line is that at 669.6 keV, placed as a direct feed to the 2063-keV state. The spectrum in Fig. 2(b) is constructed using γ -ray energy and relative time gates selecting transitions above the 13 + isomer, but with the additional condition that they occur in the out-of-beam time region. Hence, these γ rays must be fed by higher-lying isomers. The spectrum shown in the lowest panel, intensity ratios deduced from the spectra of Figs. 2(a) and 2(b). The ratios given in Fig. 3 , for example, indicate that the 669.6-keV transition has significant prompt side-feeding, consistent with it originating from a lower-spin state and not directly from an isomer.
The K π = 14 − assignment to the 2063-keV isomer follows from the E1 character of the 206.8-keV depopulating transition. The total conversion coefficient α exp T (206.8) < 0.2, extracted from intensity balances, can be compared with theoretical values of 0.05, 0.47, and 0.25 for E1, M1, and E2 multipolarities, respectively [18] . The spin and parity assignments to the other two isomers are less certain, as they are based mainly on their decay patterns.
The main intensity below the K π = (16 + ) state at 2876 keV is carried by the 143.6-669.6-206.8 keV sequence. The 143.6-keV transition is highly converted with α exp T = 1.1 (2) , to be compared with theoretical values of 0.14 (E1), 1.3 (M1), and 0.87 (E2) [18] , suggesting a M1 multipolarity, with possibly a small E2 admixture. This transition is assigned as a connection between two intrinsic states at 2876 and 2732 keV, neither of which has a significant half-life. The 255.7-keV transition feeding the 2732-keV state is probably the first transition in the rotational band built on the top of this level. Two members of the band based on the 2876-keV K π = (16 + ) state are identified, as shown in Fig. 1 with both cascade and crossover transitions observed. While the level at 3741 keV exhibits decays which could identify it as the next member of the band, the transition energies are about 10 keV lower than expected, thus it is proposed to correspond to another intrinsic state.
The 3741-keV state decays via the 302.5-keV (dipole) and 594.7-keV (quadrupole) transitions to the (18 + ) and (17 + ) members of the K π = (16 + ) band with a branching ratio of I γ (594.7)/I γ (302.5 keV) = 0.47(5), which is similar to that expected for an in-band state. This could be taken as an indication that there has been mixing between the intrinsic state and the (unobserved) 19 + member of the band (as discussed in Refs. [6, 9] ). (Note that if the depopulating transitions were both of dipole character, one would expect I γ (594.7 keV)/I γ (302.5 keV) ≈ (595/303) 3 = 7.6.) The 3741-keV (19 + ) state is directly fed via the 328.1-keV transition from the 4069-keV isomer. In the out-of-beam γ -γ coincidence data there are several other weak γ rays (e.g., at 173.8, 188.1, 219.2, and 260.4 keV) that are apparently in coincidence with the 270.2-, 302.5-, and 328.1-keV transitions in this part of the scheme. However, because of their low intensity, we were unable to either assign them unambiguously to 174 Lu or to place them in the level scheme. The situation is complicated further by self-coincidence relationships, which indicate the presence of at least two 546-keV transitions. The latter coincide as well in energy with the 547.5-keV 197 Au line from the target backing that is strong in the in-beam period.
The rotational band above the (21 + ) state is identified through coincidences which extend into the prompt beampulse as well as into the out-of-beam regions due to feeding from the 5850-keV, 242-ns isomer [ Fig. 2 member of a band based on the 5062-keV state, but otherwise there is minimal information on which to define the character of the states in this sequence, the 4710-and 5062-keV levels possibly being intrinsic states. It was also not possible to identify any transitions feeding the uppermost isomer, despite the fact that the half-life is ideal for using early-delayed coincidence relationships to isolate transitions above it. This is not surprising since the spin population in these reactions drops rapidly in the spin region above 20h.
C. Lifetimes
The lifetimes of the isomeric states were deduced from a variety of sources including timing with respect to the pulsed beam, as well as projections of intermediate time spectra in cases where there was sufficient intensity to gate on transitions directly above and below the level of interest. Examples are shown in Figs. 4 and 5. Figure 4 gives intermediate time spectra from the time-γ -γ data for selected cases. Figure 4 (a) for example, was produced by gating on a number of transitions above and below the 4069-keV state, only using the out-of-beam time region. The statistics in this case are low because these constraints select only the population that proceeds through the highest (weakly populated) isomer. The superimposed curve in Fig. 4(a) is a fit to the intensity, but with a half-life fixed at the value deduced from the curve for the ( essentially to a limit of T 1/2 < 2 ns for each of these levels. These values were deduced using a centroid-shift method, which is similar to that reported in Ref. [19] . Figure 4 (e) provides the intermediate time spectrum for the 2063-keV state, while Fig. 4(f) gives the time spectrum obtained by gating above and below the 13 + isomer. (The small prompt component in this spectrum is due to contaminants present in some of the gates.)
The decay curves in Fig. 5 were produced by constructing γ -γ -γ cubes with gates on six contiguous out-of-beam time regions. A combination of double gates in the path below each isomer was applied to these cubes to produce spectra from which time-dependent intensities were extracted. In principle, these curves will be complex because of the presence of more than one feeding path, but the rapid fall in population with spin means that this effect is of relatively minor significance, although it was included in the analysis. It should be emphasized that the half-lives were deduced from several complementary sources, as discussed above. The final values are presented in Table I , together with the derived transition strengths.
III. MULTI-QUASIPARTICLE CALCULATIONS AND CONFIGURATIONS
Predictions of the excitation energy, spin and parity for states in 174 Lu were obtained using multi-quasiparticle blocking calculations, similar to those reported elsewhere (see for example Refs. [6, 7] and references therein). Specifically, the set of single-particle orbitals originating from the N = 4, 5, and 6 (neutrons) and 3, 4, and 5 (protons) oscillator shells were taken from the Nilsson model with parameters κ and µ from Ref. [20] , and deformations ε 2 = 0.258 and ε 4 = 0.067 [21] . The states close to the proton and neutron Fermi surfaces were adjusted to reproduce approximately the experimental one-quasiparticle average energies in 173 Lu and 175 Lu (for the protons) and 175 Hf (for the neutrons) [22, 23] . The latter choice, rather than an average of 173 Hf and 175 Hf, is adopted because the deformation in 174 Lu is predicted to be closer to that of 175 Hf. The pairing correlations were treated using the Lipkin-Nogami prescription with fixed strengths of G π = 20.8/A MeV and G ν = 18.0/A MeV. The predicted energies of the multi-quasiparticle states were subsequently corrected for the effect of residual interactions using the prescription of Ref. [24] and the energies associated with the Gallagher-Moszkowski splitting of Ref. [25] [9] . The crossover-to-cascade branching ratio, λ, for the I π = 15 + level in the rotational band based on the isomer was used to deduce the intrinsic g factor values, g K , using conventional rotational model formulas:
where E γ is in units of MeV and the mixing ratios, δ, is deduced as
The quadrupole moment of Q 0 = 7.65(9) eb (the average value for the measured π 7/2 + [404] ground state in 173 Lu [22] and 175 Lu [23] ) and the rotational g factor of g R = +0.3 were used. The value of g K = 0.40(2) was obtained (see Table III ) in agreement with the expected value of g K = 0.41, deduced from calculations with Woods-Saxon wave functions for this configuration [27] . ( were used for all bands.
014304-6 (5) a Crossover-to-cascade branching ratios, λ = I γ (I → I − 2)/ I γ (I → I − 1). b Deduced using the measured crossover-to-cascade branching ratios (λ) and the standard rotational model formulas [see Eqs. (1) and (2)] with Q 0 = 7.65 (9) eb.
The K π = 14 − isomer can be associated with the pre-
The value of g K = 0.39(2), weighted average of these deduced for levels up to I π = 17 − in the rotational band based on the isomer, was obtained (see Table III ). It agrees well with the expected value of g K = 0.44, deduced from calculations with Woods-Saxon wave functions for this configuration [27] . It should be noted that a value of g K = 0.12 could be expected for the alter-
) configuration that is predicted at higher excitation energy (see Table II ). The observed alignment for the K π = 14 − band (Fig. 6 ) supports the presence of a single i 13/2 neutron in the configuration of this structure. In addition, the configuration is related to that of the K π = ) configuration that is calculated to be lower in energy. The ν 3 π configuration also contains two i 13/2 neutrons and this should result in a somewhat higher alignment compared to that for the K π = 14 − band, for example. This is indeed seen in Fig. 6 , albeit the difference is not as significant as one may expect, which could be indicative that the alternative νπ 3 configuration is associated with the K π = 16 + band. Note that, as discussed in Ref. [28] , the alignment will not necessarily be additive because there will be configuration-dependent proton and neutron pairing reductions with increasing seniority.
As indicated earlier, the (19 + ) level at 3741 keV is interpreted as an intrinsic state, rather than as a rotational band member. It can identified with the predicted 19 + state associated with the
configuration. The predicted energy for this state is ∼170 keV higher than that observed, which may be problematic, given that most other cases are slightly underpredicted. This configuration is unusual in that it has five neutrons and only one proton, which might point to an uncertainty in the energy of the neutron component. However, that component is also common to the 26 − configuration whose energy is reasonably well reproduced.
Note that an assignment of the 3741-keV level as an intrinsic state with K = 19 rather than as a K = 16 rotational state provides a natural explanation for the relatively fast decay from the K π = (21 + ) isomer above, being in this case, only once K-forbidden, as will be discussed below. Also, while the multi-quasiparticle calculations also predict a 19 − state in this region, the lifetime limit is sufficient to exclude the 594.7 keV M2 branch that would be implied in such a case.
The lack of a significant lifetime for the K π = (16 + ) state at 2876 keV, as evident from Fig. 4(c configuration, while the level at 5417 keV is interpreted as its first rotational band member.
IV. TRANSITION STRENGTHS
The isomeric nature of the states in 174 Lu arises in principle from the fact that the depopulating transitions are K-forbidden. For a transition of multipole order, λ, the reduced hindrance factor per degree of K-forbiddenness, f ν , with ν = K − λ, is defined as f ν = F 1/ν , where [9] . A detailed analysis was presented there on both the effect of this mixing and of Coriolis mixing in the lower states from the K π = 0 + and 7 + two-quasiparticle bands. The observed value of f ν = 79 for the 299.2-keV E1 transition (ν = 4), depopulating the K π = (26 − ) isomer, is acceptable for a K-hindered decay. Although an additional (arbitrary) retardation factor of ∼10 3 is sometimes incorporated in interpreting E1 transition strengths, both within 174 Lu (for example the E1 decay from the 13 + isomer) and in nearby nuclei (e.g., in 174 Yb [7] ), it does not seem necessary to include such a reduction here. The K π = (21 + ) isomer decays via a K-allowed 328.1-keV (E2) transition with a strength of 2.5(3) × 10 −2 W.u. to the intrinsic (19 + ) state at 3741 keV. In this case, the observed lifetime is a consequence of the rearrangement of several orbitals between the initial (ν 3 π 3 ) and final (ν 5 π ) configurations (see Table II ) that leads to a relatively slow E2 transition.
The limits on the reduced hindrances for the transitions from the 3741-keV state itself (Table I) are at the margin, particularly the E2 transition which has f ν < 55, but this is entirely consistent with the earlier conjecture that the intrinsic state is likely to be mixed with the 19 + band level, thus enabling a faster transition, even with a very small admixture.
V. SUMMARY AND CONCLUSIONS
Multi-quasiparticle intrinsic states have been observed in the odd-odd nuclide 174 Lu from γ -ray spectroscopic studies with deep-inelastic and multinucleon transfer reactions. Four new isomers are identified, the highest being the 5850-keV state with a half-life of 242 ns. On the basis of multiquasiparticle calculations, this isomer has been associated with a predicted K π = 
